Ion association between inorganic anions and symmetrical tetraalkylammonium ions, R 4 N + (R = Me, Et, Pr, n-Bu, n-Am, and 2-methyl butyl {isoamyl=iAm}) was investigated using ordinary silica capillary by capillary zone electrophoresis. An improved version of the Williams-Vigh method was used for the first time to measure the mobilities of the inorganic anions. Plots of log K ass against log dielectric constant in various media, revealed a smaller change in K ass compared to dielectric constant. These plots suggest that the Bjerrum's equation is inadequate in accounting for the associations of ions in a CZE setup.
Introduction
Aqueous-organic mixed solutions such as aqueous-dioxane binary solutions find a broad application in industries ranging from the manufacture of paints to detergents and deodorants.
Equally broad is their use in many areas of fundamental and advanced scientific research, e.g. studies of analytes interactions in capillary electrophoresis and ion chromatography, synthesis and mechanistic studies in organic chemistry and the prediction of drug solubility and chemical stability in pharmaceutical sciences. The physicochemical properties of binary aqueous-organic solvent systems, e.g. dielectric constants or viscosity, can be varied continuously by merely changing their solvent composition. 1, 4-dioxane has been widely researched [1] [2] [3] [4] [5] as an organic component in binary solutions, partly because of its uniquely low dielectric constant (ε = 2.2) compared to water's (ε = 78.8) and high miscibility with water. Therefore, aqueous-dioxane solvent system is particularly suitable for studies in which analysis over a wide range of dielectric constants is required.
Conductometric techniques have been extensively used for a long time in the study of ion association in various solvent systems, e.g. isomeric dichloroethene [6] and aqueous-dioxane [1] .
Through such measurements, Fuoss and Kraus [1] were able to confirm Bjerrum's theory [7] by examining iAm 4 N + -nitrate association in aqueous-dioxane mixture at various compositions. Apart from conductometry [8, 9] , capillary zone electrophoresis and HPLC have emerged as alternative techniques for studying ion interaction in solutions.
For nearly a decade capillary electrophoresis has been applied to the investigation of ion association with large association constants, (K ass ≥ 20) in aqueous [10] [11] [12] [13] [14] [15] [16] [17] , non-aqueous [18] [19] [20] , and mixed aqueous-organic media [21, 22] . In these investigations, interactions between the associating species have been followed by measuring the mobilities of either a positively charged species or bulky, low-mobility negatively charged organic species, which can be easily measured using ordinary silica or coated capillary [10] [11] [12] [13] [14] [15] [16] [17] . On the other hand, studies on ion associations, in which association is monitored by measuring the mobilities of the highly mobile anions, especially those accompanied by small association constants (K ass < 10) are few. Findings from weak interactions can be used in the design of the CE separation methods e.g. in the separation of synthetic peptides using weak interactions between small organic molecules like trifluoroacetic acid and the peptides [23] .
Weak ion association between inorganic anions and tetraalkylammonium ions in aqueous solutions using neutral coated capillary has already been reported [24] . Similar interactions were later examined in aqueous-ethanol mixed solutions [25] using an ordinary silica capillary, in which the association constants showed a modest increase with an increase in the proportion of ethanol in the migrating buffer. It was, therefore, of interest to investigate similar associations in mixed solvents which differ markedly in their dielectric constants. Such solvent systems are expected to provide a wide range of dielectric constants on which to investigate ion association. As a result apolar dioxane with very low dielectric constant and water with relatively high dielectric constant were selected as solvents.
In this study the association constants, K ass between the small inorganic anions (Br ammonium {tetraisoamylammonium} ion) were determined in aqueous-dioxane solvent of variable composition by using an ordinary silica capillary. Consequently, the Williams-Vigh method [26] had to be employed for the measurement of the effective mobility of anions most of which are highly mobile. The Williams-Vigh method was improved to reduce the analysis time, since the original version would have required a longer capillary and hence taken longer analysis time for accurate measurement of the individual anion's mobilities.
In addition, this study presents a qualitative examination of the suitability of Bjerrum's theory to account for observations in inorganic anions-tetraalkylammonium ions associations. Since
Bjerrum's theory was confirmed by conductometric measurements, which uses electrolytic solutions essentially different from CZE's, re-examination of the theory from CZE point of view was thought necessary. [26] were used to measure the mobilities of the inorganic anions. The mobilities of hexacyanoferrate (II) and hexacyanoferrate (III) were carried out exclusively using the double separation mode, while all other mobility measurements were made using both modes. The procedure used for single separation has been outlined in the previous report [25] .
Experimental
The original double separation mode [26] carried out as outlined previously [25] yielded an e-gram shown in Fig 1a. In the improved version, the same series of steps as in the original version were carried out, except that the voltage was applied for a longer period of time. As a result all the analyte peaks appeared before neutral marker peak from the first separation ( 
Results and Discussion

Effect of dioxane on mobility of anions and association constants
A cation, C n+ and an anion, A m-can form an ion associate according to the equilibrium:
Since the cationic pairing ions are present in excess over the analyte ions, A m-
, and the ion associates are not so stable, only 1:1 ion associate formed are considered.
The corresponding association constant, K ass , is obtained by:
The effective electrophoretic mobility, μ eff , of an anion A m-can be calculated by Eq. 2:
When the charge of the cation and the anion is the same, Eq.2 reduces to:
where μ A is the mobility of an anion and μ CA is the mobility of an ion associate.
The experimentally obtained effective mobility at each cation concentration were corrected for viscosity [21] and then treated by a Non-Linear Least-Squares Method in order to compute K ass (Table 1 ) and the corresponding effective electrophoretic mobilities of the anion in the absence of the pairing ion. By substituting K ass and the corresponding electrophoretic mobilities of the anion in either Eq.2 or Eq.3, electrophoretic motilities of a particular anion were computed to yield the simulated curves shown in Fig. 2 . A good agreement exists between the simulated and the experimental data as illustrated by curve fitting on Fig. 2 .
Most of the mobility trends of the inorganic anions in aqueous-dioxane media are similar to those exhibited in aqueous-ethanol media [25] . As shown in Fig. 2 , the mobilities of anions decreased to different extents as the concentration of the pairing cation increased. As the composition of the dioxane was increased, a noted increase in the slope of the mobility curves is observed (Fig. 2 a, c) , which may indicate a possible increase in the extent of association. It is worth noting that most of the anions maintain their migration order as the content of dioxane in the buffer increased although the mobilities of the some anions are continuously altered to the extent that there is a reversal in the migration order at higher dioxane content and TBA + concentration. For example, at 66.2% (m/m) dioxane (Fig. 2c ) the migration order of hexacyanoferrate (II) and hexacyanoferrate (III) is reversed. The observed reversal is an indication of a considerable difference in ion association undergone by the two anions. In comparison to mobility profiles shown in aqueousethanol media, mobilities of most anions appear to change at a slightly higher rate in aqueousdioxane media.
In addition, Fig. 2 can be used to examine the effect of dioxane on the mobility of the differently charged anions at a specific ionic strength in the absence of pairing ion (i.e at [Bu 4 N + ] = 0). Roy and Lucy [27, 28] have reported that the combination of ionic strength and increasing proportion of organic solvent results in dramatic change in mobilities of the highly charged ions. In this work, however, the mobilities of hexacyanoferrate (II) and hexacyanoferrate (III) (Fig. 2) appeared to be only slightly affected by an increase on dioxane content at ionic strength (I = 10mM).
Despite the small effect of dioxane in the mobilities of highly charged anions (hexacyanoferrate (II)/ hexacyanoferrate (III)), an interesting reversal of the μ eff was noted between hexacyanoferrate (II) and thiosulphate at 66.2% (m/m) dioxane. According to Hubbarb-Onsager equation, hexacyanoferrate (II) is expected to experience more dielectric friction than hexacyanoferrate (III) in the absence of the pairing cation by virtue of its higher charge. However, this analysis found that hexacyanoferrate (III) is more affected by dielectric friction than hexacyanoferrate (II). As expected, in the absence of the pairing cation, the monovalent ions examined, e.g. nitrate, showed no significant change in mobility upon increasing the content of the dioxane in the migrating buffer since they are less affected by the dielectric friction.
Among the methods used for K ass determination, conductometric technique is one of the most widely used. A fair agreement exists between the data determined by CZE and those obtained by conductivity measurement in pure aqueous solution (Table 1) . Similarly, most of the trends shown by the association constants between inorganic anions and tetraalkylammonium ions in aqueous-ethanol [25] are also observed in this analysis (Table 1 ). In general, K ass between the inorganic anions and the tetraalkylammonium ions showed an increase as the content of dioxane content in the migrating buffer are increased. Table 1 shows that anions with higher charge/size ratio experience stronger interaction than those with lower charge/size ratio. It can also be seen from [6] showed that an inverse relationship exists between contact distance and K ass , it may be suggested that the smaller K ass with most anions is due to increased contact distance in hexacyanoferrate (II).
Bjerrum's theory and inorganic anions-tetraalkylammonium ions association: a qualitative assessment
Bjerrum's theory [7] was put forward as an attempt to explain deviations of the experimental results from the predictions made by the Debye-Hückel theory [30] , on the behaviour of ions in solutions. Other theories on ion association were later proposed by Denison and Ramsey [31] , Fuoss [32] , Ebeling [33] and, more recently Yokoyama and Yamatera [34] . However, it is the Bjerrum's theory that has been widely used despite its shortcomings such as counting as associated ions which are not in actual contact. This theory has been successful in explaining certain aspects of ion association and was confirmed by conductometric measurements [1] of iAm 4 N + -NO 3 -association in aqueous-dioxane media.
It can be deduced from Eq. 4 that the association constant, K, will increase if the associating species bear opposite charges and the dielectric constant of the media is as low as possible. be obeyed because such measurements were possibly made in fairly dilute solutions which contained a few ions in solutions. Interestingly, the curve fitting of the experimental results from the conductometric measurement indicates that association will cease at definite aqueous-dioxane composition (corresponding to x-intercept). However, Bjerrum's theory should be merited for correctly predicting an increase in association constant, K ass for associations carried out in aqueousorganic media.
Methanol and acetonitrile are popular CE reagents which can give a reasonably wide range of dielectric constants when added to the migrating electrolyte. However, methanol was chosen because it is relatively less toxic. Association in methanolic migrating electrolyte was one of the analyses carried out to re-examine the Bjerrum's theory by CZE method. Dioxane was not added to the migrating solution to alter dielectric constants because measurement of anion's mobilities by the procedure used in this analysis would be difficult due to high viscosity of the aqueous-dioxane solvent. The dielectric constant was therefore varied by adding an appropriate amount of methanol in the migrating electrolyte in presence of the formate buffer (10 mM).Contrary to the Bjerrum's equation's predictions, a plot of log K ass against log dielectric constant determined by CZE measurement (Fig. 3(b) ) shows a smaller increase in K ass as the dielectric constant [35] decreases. Compared against association done in aqueous-dioxane media (Fig 3a) , the association in aqueousmethanol media (Fig. 3(b) ) shows a negligibly small increase in K ass on varying dielectric constant, and if plotted on the same axis (plot not shown), CE results will appear as near-horizontal, straight lines for log K ass -log D relationship. The increase in K ass shown by Fig.3(b) is smaller compared to a substantial decrease in dielectric constant. This suggests that dielectric constant is not the only factor influencing ion association in solutions. Had dielectric constant been the only factor affecting association, a major change in K ass would have been observed in tetraalkylammonium ions-anions association on increasing the proportion of methanol in the migrating solution.
Bjerrum's theory was further investigated by examining the association between the anions and the tetraalkylammonium ions at variable dioxane composition in the migrating buffer. Figure 4 shows plots of log K ass against log dielectric constants [35] for the association between four tetraalkylammonium ions and anions bearing different charges. In most associations the association constants show variable increase with decrease in dielectric constant. However, a closer examination reveals that increases in K ass are small compared to large decrease in dielectric constant e.g. in the NO 3 --Am 4 N + association, log K ass increases from 0.49 to 0.82 for a corresponding dielectric constant change (log D) of 1.9 to 1.3. As with associations carried out by varying methanol composition in the migrating electrolyte ( Fig. 3(b) ), the increase in K ass is small. In addition, a comparison of log K ass -log dielectric constant for tetraalkylammonium ion-nitrate associations done in aqueous-dioxane ( Fig. 5(a) ) with those determined in aqueous-ethanol ( Fig.   5(b) ) media, shows that the association constants in aqueous-dioxane are only slightly higher. Such small differences in K ass are unexpected from Bjerrum's point of view, for media which differ so substantially in their dielectric constants.
Since Bjerrum's theory was confirmed by conductometric determination of the association between nitrate and iAm 4 N + , it was necessary to carryout a CZE determination for the association between iAm 4 N + and some inorganic anions. (Table 2) show a general, sharp increase in log K ass compared to similar associations in Table 1 , the increase is noticeably sharper for the traditionally, weakly associated ions (e.g. K ass values indicate that fairly strong associations occur at low dioxane compositions in the migrating buffer. However, only a marginal increase in K ass is observed on increasing the proportion of dioxane in the migrating buffer. Thus K ass remained virtually constant as the composition of dioxane was raised. The results suggest that the addition of dioxane to the migrating buffer has a slight or no effect in K ass for iAm 4 N + -inorganic anions association.
From CZE investigations (Table 2 and Figs. [3] [4] [5] , it can be suggested that Bjerrum's theory does not fully account for associations in CZE electrolytic solutions. If association of ions was solely dependent on dielectric constant, ion association carried out in aqueous-methanol migrating electrolyte and aqueous-dioxane media would have been accompanied by substantial differences in K ass . Earlier works [17] , [24, 25] have shown that K ass generally affected by the size of the alkyl group as well as type of media. It can be suggested that association is a complicated process which is affected by factors other than dielectric friction and electrostatic interactions. It is worth emphasing that the Bjerrum's theory does not consider other factors like size of associating species, ion-solvent interactions, etc, which seem to be influence association significantly.
Conclusions
Improvements in anion mobility measurements were achieved by employing modified version of the original Williams-Vigh's-triple injection mode-method. The results obtained further show the potential of ordinary silica capillary in the determination of the mobilities of the highly mobile anions and subsequently their association constants upon interaction with cations. The addition of dioxane to the migrating buffer in inorganic anion-tetraalkylammonium ions associations produced a higher increase in association constants than a similar addition of ethanol.
Contrary to the expectations that use of dioxane as a buffer additive would lead to dramatic increase in K ass by virtue of its ability to greatly alter dielectric constant, the results demonstrated that only moderate increase in K ass could be attained. CZE measurements have shown that the Bjerrum's theory based primarily on electrostatic attraction and dielectric constant is limited in accounting for the association between the inorganic anions and the tetraalkylammonium ions. It is possible that besides the dielectric constants, a combination of other forces such as solvent-ion, inter-particles non-ionic interactions, etc, may be playing a contributory role in the association process. 
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